A hallmark of calcium-triggered synaptic transmission is the cooperative relationship between calcium and the amount of transmitter released. This relationship is thought to be important for improving the efficiency of synaptic vesicle exocytosis. Although it is generally held that cooperativity arises from the interaction of multiple calcium ions with a single calcium-sensing molecule, the precise molecular basis of this phenomenon is not known. The SNARE proteins are known to be critical for synaptic vesicle exocytosis. We therefore tested for a contribution of SNARE proteins to cooperativity by genetically reducing the levels of syntaxin IA and neuronal-synaptobrevin in Drosophila. Surprisingly, we found that reducing these SNARE proteins also reduced Ca 2؉ cooperativity. Thus, SNARE proteins are important for determining the cooperative relationship between calcium and synaptic transmission.
D
odge and Rahamimoff (1) first described the phenomenon of calcium cooperativity of synaptic transmission for frog neuromuscular junctions, reporting that the amplitude of excitatory junctional potentials is related to the fourth power of extracellular Ca 2ϩ . These observations have been replicated in synapses from many species (2-4) with most having power coefficients of 3-4, suggesting that this is a fundamental property of synaptic transmission. Based on models of cooperative ligandreceptor interactions, these data have been taken to indicate the cooperative involvement of four Ca ions and binds phospholipids and proteins, including syntaxin, SNAP-25 (synaptosomal-associated protein of 25 kDa), and the assembled SNARE (soluble NSF attachment protein receptor, where NSF is N-ethylmaleimide sensitive fusion protein) complex, in a Ca 2ϩ -dependent manner (5, 6) . Biophysical analysis of Syt shows that it possesses the properties of a low-affinity Ca 2ϩ sensor (5) , and genetic analysis shows that Syt I is clearly required for excitation-secretion coupling (7, 8) .
Despite its proposed role in Ca 2ϩ sensing, the role of Syt in conferring cooperativity to synaptic transmission is not well established. Binding of Ca 2ϩ to Syt does not appear to be cooperative, as the second Ca 2ϩ binding site of the Syt C2A domain is estimated to have lower Ca 2ϩ affinity (K d ϭ Ϸ400 M) than the first site (K d ϭ Ϸ60 M) (9) . Syt does bind phospholipids in a cooperative Ca 2ϩ -dependent manner, but, for this interaction to confer cooperativity to synaptic transmission, it would have to actually cause vesicle fusion. However, Ca 2ϩ -triggered synaptic transmission persists in SytI knockout mice (10) although it is severely disrupted. Furthermore, null alleles of Drosophila sytI exhibit Ca 2ϩ -triggered synaptic transmission in which Ca 2ϩ cooperativity is not altered (7) . These data suggest that the role of Syt is regulatory and not fusogenic. Some Drosophila mutants affecting the C2B domain of Syt are reported to reduce cooperativity (11) , but this has been alternatively explained as a change in the Ca 2ϩ -dependency curve (12) or it could potentially occur through effects on recycling (13, 14 cooperativity. To directly test this, we have used Drosophila genetics to independently reduce the level of syntaxin 1A (Syx) or neuronal-synaptobrevin (n-Syb) expression. Surprisingly, we found that reduced levels of these SNARE proteins reduced Ca 2ϩ cooperativity of neurotransmitter release. We discuss this data with respect to molecular models that could account for the role of SNARE proteins in Ca 2ϩ cooperativity of synaptic transmission.
Materials and Methods
Drosophila Stocks. OregonR (OreR) was the wild-type strain used. n-syb ⌬F33B is a null allele of the n-syb gene, and n-syb I4 and n-syb I18 are hypomorphic alleles (17) . syx ⌬229 is a null allele of the syx gene (8) , and syx L2 and syx
L247
are previously unpublished 5Ј P-element insertion alleles originating from the screen described in ref. 18 . TM3 and TM6 are balancer chromosomes used to maintain the mutant alleles and are wild type for n-syb and syx. The mutant stocks were maintained as yw; mutant͞TM3, Sb Ser, y ϩ (or TM6, Ubx, y ϩ ). Larvae with two mutant chromosomes were identified as yellow larvae emerging from a cross of two mutant lines. Flies with two mutant chromosomes survive to adulthood although their numbers are less than expected, indicating they are semilethal, and the escaping flies are developmentally delayed. Larval movement is sluggish, although they can crawl on the walls of their vials and respond to tactile stimulation.
Protein Analysis. Protein extracts from adult heads of each genotype were obtained by decapitating the flies under CO 2 anesthesia, freezing the heads in tubes maintained on dry ice, manually crushing the heads with a pestle, and resuspending the powder in 50 l of 1% SDS buffer. The preparations were then centrifuged at 2,000 rpm for 2 min to pellet the cuticle, and equal amounts of protein were separated on 10% SDS͞PAGE gels.
Antibodies directed against Drosophila n-Syb (gift of D.
Deitcher, Cornell Univ., Ithaca, NY, 1:1,000), syntaxin (mAb 8C3; 1:1,000), and synaptotagmin (dSyt2, gift of H. Bellen, Baylor College of Medicine, Houston; 1:5,000) were used for Western blot analysis of the proteins. Anti-tubulin (mAb E7 1:10) was used to ensure equal loading of each protein sample. Signals were detected with enhanced chemiluminescence (Amersham Pharmacia). Protein levels were estimated by scanning the autoradiographs and measuring the band intensities with IMAGEQUANT 1.1 (Molecular Dynamics) software.
Electrophysiology and Data Analysis. Two-electrode voltage clamp procedures and HL3 physiological solution used throughout this study have been described (19) . A holding potential of Ϫ80 mV was maintained with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA). Data were digitized at 10 kHz and low passed filtered at 2 kHz for evoked junctional currents (EJCs), or 800-1,000 Hz for miniature EJCs (mEJCs), with PCLAMP7 software (Axon Instruments). Evoked and spontaneous currents were analyzed by using the cursor and fit options of CLAMPFIT (Axon Instruments). Only fast-rising miniature events were included; slow-rising events originating in electrically connected cells were not analyzed. mEJC decay time constants were measured by aligning, averaging, and fitting exponential curves with MINIANALYSIS (Synaptosoft, Leonia, NJ). Ca 2ϩ cooperativity was analyzed from synaptic current amplitudes recorded for each Ca 2ϩ concentration from several muscle cells of different larvae. Cooperativity coefficients were derived by fitting linear regression lines to log-transformed Fig. 1 . Reduction of n-synaptobrevin and syntaxin protein. syx L2 ͞syx L247 and n-syb I18 ͞n-syb ⌬F33B flies exhibit substantial reduction in protein levels compared with Ore-R controls, whereas Syt levels were unaltered. A lower molecular weight breakdown product of Syt that is recognized by the dSyt2 antibody (46) was similarly unaffected (data not shown). Signals from heterozygote null strains (n-syb ⌬F33B ͞TM6 and syx ⌬229 ͞TM3) are shown to indicate the 50% reduction level of each protein and anti-tubulin signals are shown to indicate equal protein loading in each lane.
Fig. 2. Synaptotagmin distribution is unaltered. Synaptotagmin localization was determined by incubating dissected third-instar neuromuscular junctions from
Oregon-R (A), n-syb I4 ͞n-syb ⌬F33B (B), and syx L2 ͞syx L247 (C) larvae in dSyt2 antisera. The images, representative of four experiments, are taken from the neuromuscular junctions of muscle 6 and 7; the arrows indicate type IB innervation and arrowheads point to type Is innervation demonstrating the presence of the two axons that normally synapse on these muscles. Synaptotagmin localization appears similarly in all genotypes. individual data points for Ca 2ϩ concentrations Յ1 mM, and the slopes of the regression lines were statistically compared as described (20) . Cooperativity coefficients estimated this way closely match coefficients derived by recording from several Ca 2ϩ concentrations in single cells (4), with both techniques giving coefficients of about 3.5 in wild-type larvae. Other statistical analysis was performed with PRISM3 (Graphpad, San Diego). Unless otherwise noted, data are presented as mean Ϯ SEM throughout the text.
Immunofluorescence. Synaptotagmin distribution was determined by incubating a 1:1,000 dilution dSyt2 anti-synaptotagmin with dissected third instar neuromuscular junctions followed by a 1:500 dilution of FITC goat anti-rabbit secondary antibody. Images were obtained with a Leica confocal microscope and all were acquired at the same gain.
Results
Reduction of Syx and n-Syb. To investigate the relationship between Ca 2ϩ cooperativity and SNARE proteins, we genetically reduced the levels of the Drosophila SNARE proteins Syx and n-Syb. We tested several combinations of independently generated hypomorphic and null alleles to find the most severe reduction in protein level that supports viability yet may have a physiological phenotype. The use of heteroallelic combinations also eliminates the potential contribution of second site mutations. For syntaxin we found that a combination of two hypomorphic alleles (syx L2 ͞syx
L247
) and for n-syb a combination of a hypomorphic and a null allele (n-syb I18 ͞n-syb
⌬F33B
) met these requirements. Fig. 1 shows the levels of n-Syb and Syx found by Western blot analysis of protein extracts from adult heads of the indicated genotypes. The combination of syx L2 and syx L247 hypomorphic alleles reduced Syx levels by Ϸ80%, whereas the combination of null and hypomorphic n-syb alleles (n-syb I18 ͞n-syb
) reduced n-Syb by Ϸ90%. We found that n-syb I4 and n-syb I18 had similar effects on protein levels (data not shown), and, in subsequent experiments, data pooled from these two genotypes are referred to as n-syb hypo ͞n-syb
. The proteins were reduced by Ϸ50% in extracts made from null heterozygote heads (n-syb ⌬F33B ͞TM6 and syx ⌬229 ͞TM3) compared with Ore-R. The same blots were probed with mAb E7 (antitubulin) to demonstrate equal protein loading in each lane.
No Change in Synaptotagmin Expression or Synaptic Localization.
To determine whether the reduction in Syx or n-Syb had altered Syt expression, we reprobed the Western blots with anti-dSyt2 and found no change in the level of Syt protein among the different genotypes (Fig. 1) . Previous studies have shown that confocal microscopy is sufficient to detect alterations in Syt subcellular localization when it is perturbed by genetic manipulations (21) . We therefore examined the synaptic localization of Syt and found that its distribution appeared unaltered in the mutant genotypes compared with controls. Fig. 2 shows representative Syt staining from neuromuscular junctions of muscle 6 and 7 obtained from control and mutant larvae. These results further show that the innervation of the muscles and morphology of the nerve terminal is apparently not altered in these mutant animals, similar to findings reported for null alleles of these genes (8, 17).
Thus any alterations in Ca 2ϩ
cooperativity are unlikely to be because of alterations in Syt expression or localization.
Reduced Calcium Cooperativity of Synaptic Transmission. To determine whether the reduction in SNARE protein levels concomitantly altered Ca 2ϩ -dependent synaptic transmission, we measured the amplitude synaptic currents (19) . We found a reduction of EJCs in both n-syb hypo ͞n-syb ⌬F33B and in syx L2 ͞ syx L247 larvae over the full range of Ca 2ϩ concentrations tested (Fig. 3 A and B) . There was no difference in EC 50 values obtained from sigmoidal curves fit to the Ca 2ϩ dose-response data (EC 50 values were Ore-R 1.0; n-syb 1.1 and syx 1.1), indicating that sensitivity to calcium was not altered. Furthermore, there were no differences in mEJC amplitude that could explain the observed reduction in synaptic transmission (Fig. 4 A, B, and D) . The average mEJC amplitude in all genotypes was about 0.6 nA. We did find an effect on mEJC frequency (Fig. 4C) . Ore-R had a mEJC frequency of 2.9 Ϯ 0.5 Hz (n ϭ 6), and n-syb hypo ͞ n-syb ⌬F33B had a frequency of 3.3 Ϯ 0.7 Hz (n ϭ 6), whereas syx L2 ͞syx L247 larvae had a lower frequency of 0.5 Ϯ 0.1 Hz (n ϭ 5, P Ͻ 0.05, ANOVA).
We next estimated Ca 2ϩ cooperativity by analyzing the EJC amplitudes obtained in Ca 2ϩ concentrations of up to 1 mM. Because the EC 50 value was not different among the genotypes, we are certain that the responses analyzed were in the same subsaturating region of the Ca 2ϩ -dependency curve for each genotype. We estimated Ca 2ϩ cooperativity (n) by measuring the slope of linear regression lines fit to log-transformed individual data points (Fig. 3C) . We found that Ore-R larvae had a cooperativity coefficient of 3.4 Ϯ 0.2 (slope Ϯ standard error of the slope), whereas syx L2 ͞syx L247 larvae had a coefficient of 2.6 Ϯ 0.2, and n-syb hypo ͞n-syb null larvae had a coefficient of 2.4 Ϯ 0.2. The differences between the slopes of the control and each of the mutants are statistically significant (P Ͻ 0.01, ANCOVA and Tukey multiple comparison test) but the slopes of the two mutants are not different from each other. Therefore, reducing the level of SNARE proteins causes a reduction in the Ca 2ϩ cooperativity of synaptic transmission.
Because the SNARE proteins are known to have biochemical interactions with Ca 2ϩ channels, and have been implicated in localizing synaptic vesicles to the channels, we analyzed whether a change in this spatial arrangement was a factor in the present experiments. If this were important, we would predict that, in addition to shifting the EC 50 of the Ca 2ϩ dose-response relationship, individual synaptic responses would have variable latency and would be asynchronous in the mutants. Fig. 5A shows 10 consecutive responses recorded at 0.5 mM Ca 2ϩ from the indicated genotypes and indicates that the onset of the synaptic currents is similar in the mutant and control larvae. To determine whether late releases were more prominent in the mutants than the controls, we averaged and normalized the traces of Fig.  5A and found that the currents overlap in their onset and decay time courses (Fig. 5B) . This suggests that late release in the mutant larvae was not more prominent than in controls. To quantify this, decay time constants were measured from the raw data of 5-6 cells at 0.5 mM Ca 2ϩ and revealed no differences among the genotypes (Fig. 5C ). These time constants were slightly, but not significantly (P Ͼ 0.6, ANOVA), longer than the decay time constant of spontaneous mEJCs in Ore-R preparations.
Discussion SNARE proteins are known to be important for membrane trafficking and exocytosis. Mutational analysis of these proteins in Drosophila has contributed significantly to our understanding of the mechanistic role SNAREs play in synaptic transmission. Previous studies of syntaxin and n-syb null alleles have shown a differential sensitivity of spontaneous release to elimination of these two proteins. Null alleles of syntaxin abolish spontaneous release, whereas n-syb nulls reduce it by about 75% (8, 17) . Our data indicate that this relationship also exists in hypomorphic alleles of these genes, indicating the requirement for syntaxin in some fusion events in which n-Syb is not required. These results may be explained by t-SNARE͞t-SNARE mediated fusion, which can occur with yeast endosomes (22) or, alternatively, that some spontaneous fusion events use an alternative isoform of synaptobrevin that cannot substitute for n-synaptobrevin in Ca 2ϩ -triggered fusion.
The hypomorphic alleles of Drosophila syntaxin and nsynaptobrevin also allowed us to test for a role of these proteins in Ca 2ϩ cooperativity of synaptic transmission. Our studies revealed that the SNARE proteins make a direct contribution to Ca 2ϩ cooperativity of neurotransmitter release. One potential mechanism by which SNAREs could contribute to cooperativity is if they have a positive influence on Ca 2ϩ channel activity and that the SNARE mutants we used here inhibit Ca 2ϩ influx. However, this seems unlikely for three reasons. First, several studies have shown that synaptic Ca 2ϩ currents are not reduced by treatment with Tetanus or Botulinum neurotoxins (23) (24) (25) (26) (27) , proteases that cleave SNARE proteins. Second, coexpression studies using mammalian recombinant proteins (28) (29) (30) show that syntaxin inhibits, not enhances, Ca 2ϩ channel activity. Lastly, transmitter release is enhanced in Drosophila in which syntaxin binding to the synprint domain of Ca 2ϩ channels is abolished (31), a change opposite to that expected if SNAREs enhance Ca 2ϩ flux. Therefore, in the mutants we used here, it seems unlikely that the change in cooperativity we measured is caused by reduced Ca 2ϩ channel function. A second potential mechanism could be that, by reducing SNARE proteins, we have altered the normal spatial arrangement of the Ca 2ϩ sensor and the Ca 2ϩ channel. As outlined by Klingauf and Neher (32) , this could lead to an apparent change in cooperativity because of nonlinear diffusion of calcium at the release site. However, a change in this spatial arrangement is also predicted to increase the EC 50 value of the Ca 2ϩ dose-response curve (33) and to increase the variability of synaptic release times (34) . Although such changes are observed in an n-syb null allele (35) , with the alleles used presently we did not observe a shift in the EC 50 value of our dose-response curves, nor did we see differences in either synaptic current onset or in the current decay time constant. These data indicate that a spatial disruption is not the underlying cause of the change in cooperativity that we observed and if syntaxin or n-synaptobrevin is important for localization of vesicles to Ca 2ϩ channels the mutants we used here appear to produce sufficient protein to perform this function.
Our findings are in accord with earlier studies (36) (37) (38) that showed that Ca 2ϩ cooperativity of transmitter release is reduced in Botulinum toxin A (BoTxA, which cleaves SNAP-25) and tetanus toxin (which cleaves VAMP͞synaptobrevin) poisoned rat neuromuscular junctions. We report the involvement of syntaxin in Ca 2ϩ cooperativity and altogether these studies show that independent manipulation of any one of the three SNARE proteins can alter cooperativity.
Of particular importance is our observation that cooperativity can be reduced in syx and n-syb mutants without alterations in Ca 2ϩ sensitivity, suggesting that the molecular mechanisms that regulate Ca 2ϩ cooperativity and Ca 2ϩ sensing are distinct. This result differs from BoTxA studies in which inhibition of transmitter release by the toxin can be reversed by increasing intracellular Ca 2ϩ (36, 39) . Together these data suggest that whereas a small C-terminal fragment of SNAP-25 may be important for an interaction that determines Ca 2ϩ sensitivity, the full SNARE complex is important for determining Ca 2ϩ cooperativity. Because syntaxin and n-Syb protein expression is reduced in our mutants, and the SNARE proteins do not appear to have intrinsic Ca 2ϩ -sensing activity, it seems that the number of SNARE proteins is a critical determinant of cooperativity. There is increasing evidence to support the view that trans-SNARE complexes exist in a preformed ''loose'' state and their zippering into a tightly associated complex results in an increased rate of vesicle fusion (40) (41) (42) (43) . We assume multiple trans-SNARE complexes normally participate in fusion and propose that cooperativity is a consequence of the Ca 2ϩ -dependent (44) formation of one ''tight'' trans-SNARE complex increasing the likelihood of neighboring loose complexes making the transition to tight complexes (Fig. 6) .
We include in this model the potential that other proteins may regulate SNARE complex zippering in a Ca 2ϩ -dependent manner. The key point of our model is that cooperativity is a function of the number of complexes that can participate in fusion. In the mutant studies presented here, independently reducing the level of one of the SNARE proteins reduces the number of complexes and thus reduces cooperativity and this can occur independently of any change in Ca 2ϩ sensitivity. In an alternative model, in which synaptic vesicle exocytosis is normally prevented by a ''brake,'' cooperativity could arise if the Ca 2ϩ -dependent removal of a brake from one SNARE increases the likelihood of . Upon the admittance of Ca 2ϩ , SNARE complexes make the transition from the loose state to a ''tight'' state (purple). Cooperativity arises when the formation of a tight SNARE complex increases the probability that neighboring loose complexes will form tight complexes in a Ca 2ϩ -dependent manner (red). If there is a reduced-level SNARE protein (Mutant) when a complex makes the transition from loose to tight, there are fewer neighboring complexes that can be influenced by it, and thus cooperativity is reduced.
remaining brakes being removed. Thus, the red SNARE complexes in Fig. 6 would represent those that have a high probability of losing their brake.
Our hypothesis implies that SNARE complexes can interact and this could potentially occur through protein-protein interactions. Poirier et al. (45) have suggested that SNAP-25 may contribute to SNARE complex oligomerization if its C-terminal ␣-helix participates in a different SNARE complex than its N-terminal ␣-helix. Other proteins that interact with the SNARE complex, such as complexin, or Ca 2ϩ -dependent oligomerization of synaptotagmin also may mediate this function. In any case, formation of one SNARE complex could induce mechanical strain on the neighboring complexes and yield vesicles that are more responsive to Ca 2ϩ . Experiments designed to explore this hypothesis will provide valuable insights into the molecular mechanisms that control calcium cooperativity of synaptic transmission. 
